Studies of genetic population structure often involve numerous tests of Hardy-Weinberg equilibrium (HWE), linkage disequilibrium (LD) and genetic differentiation.
| INTRODUCTION
It is well known that as the number of related tests increases, type I error is inflated by researchers only considering significant tests with an alpha level of 0.05 (Holm, 1979; Rice, 1989) . Inflated familywise error rate (FWER) can lead to false conclusions and can substantially affect the findings of a study (Bender & Lange, 2001) . Multiple comparison corrections reduce the FWER, or the probability of falsely rejecting at least one null hypothesis. Thus, using one of many correction methods (Bonferroni, Sequential Bonferroni, False Discovery Rate, etc.) is required to control for FWER inflation (Peres-Neto, 1999) . Bonferroni is considered a more restrictive correction method, controlling type I error at the cost of type II error (Miller, 1981) . However, there have been more less restrictive methods developed, for example Sequential Bonferroni (Holm, 1979) and
False Discovery Rate (Benjamini & Hochberg, 1995; Benjamini & Yekutieli, 2001) to allow for biologically meaningful conclusions when many statistical tests are applied to the same data set (Narum, 2006) . However, FWER correction methods may be inappropriate (De Meeûs et al., 2009; De Meeûs, 2014) in comparisons of sets of independent tests, or when global testing is employed.
Population biologists recognize the need to test and correct for
Hardy-Weinberg equilibrium (HWE), linkage disequilibum (LD) and FWER (Rice, 1989) , but often do not do so. It has been suggested that the authors might selectively apply correction methods in a way that benefits them (Cohen, 1990; Yoccoz, 1991; Nakagawa, 2004) . A potential for this selective application of FWER corrections exists in studies of spatial genetic variation. Because authors often justify retaining loci in an analysis based on the absence of a statistically significant deviation from HWE or evidence of LD (e.g., Palo, Lesbarrères, Schmeller, Primmer, & Merilä, 2004; Pearse & Crandall, 2004; Taylor, Tamkee, Keeley, & Parkinson, 2011) , there might be an incentive to avoid testing for HWE or LD altogether. Alternatively, there may be an incentive to use a more restrictive adjustment of type I error rate to minimize the detection of such effects. However, the authors might use a less restrictive control of FWER when testing null hypotheses related to inter-population differentiation; as such differentiation is often of interest in studies of population structure. Because papers that yield insignificant findings are more difficult to publish (Jennions and Møller, 2002) , it would benefit the authors to choose methods, or lack thereof, that yield significant or positive findings (Møller, Thornhill, & Gangestad, 2005) . A lack of consistent application of methods to control for FWER among tests of HWE, LD and population structure would suggest that authors might be introducing bias into their hypothesis testing that could affect the interpretation of their results.
We evaluated a subsample of molecular ecology literature (2011) (2012) (2013) reporting tests of population structure to assess the degree to which (a) HWE and LD testing was performed in studies, (b) FWER correction methods were performed and (c) FWER corrections methods were used consistently across different types of analyses. If the use of such tests was not performed or internally consistent, we ask if the observed pattern might be explained by incentives to reduce cases of LD or deviations from HWE, while increasing the detections of inter-population differentiation. We have no intention of advocating for any procedure over the others, but rather seek to examine whether investigators are applying them consistently across analyses and publications, or whether there is evidence of inconsistent usage that could bias research conclusions.
| METHOD S
We conducted a literature search through the search engine "Web of Science" for articles published between the years of 2011 and 2013 that shared one or more words of two sets of search terms in their title, abstract or keywords. The first set of search terms, designed to identify studies of spatial genetic structure, consisted of "population" or "genetic" or "structure" or "differentiation." The second set of terms, "microsatellites" or "allozymes" or "SNPs" was designed to identify studies using molecular markers for which tests of HWE and LD are common. Search results returned 3,797 papers.
Only papers in which the study organism was a plant or nonhuman animal were included in the literature review. Additionally, articles had to include tests of population differentiation among pairs of populations, typically associated with F ST or one of its analogs. We also excluded any studies that did not examine codominant molecular markers such as SNPs, allozymes or microsatellites. After these criteria were applied, we retained 210 papers for our analysis.
For each publication, we collected the title, year, journal, marker type and measure of differentiation (F ST , R ST , G ST , Ɵ, ɸ ST or other).
We also categorized studies by the presence of tests for HWE or LD, as well as the method of correction, if any, used to control for FWER in tests of HWE, LD and interpopulation differentiation. We recorded if papers used global or pairwise differentiation, HWE or LD.
In Supporting Information Appendix S1, we provide a list of studies used in this analysis. We tabulated the number of studies that reported testing for HWE and LD, and evaluated any trends seen in HWE/LD testing. Our expectation was that all the authors would test for HWE and LD, as such analyses are important precursors to interpreting patterns of differentiation among populations (Clark-Cockerham and Weir, 1993) . We also evaluated trends in the correction methods used for multiple comparisons across differentiation, HWE and LD. We used a Fisher's exact test in R to test the null hypothesis that the authors used the same FWER correction methods for examination of LD, deviations from HWE and population differentiation. For studies that used a different FWER methods for HWE or LD tests than those used for genetic differentiation, we used chi-square goodness of fit tests to evaluate each set of FWER corrections for HWE and LD with those for genetic differentiation to assess if there was a directional bias. Specifically, we tested the null hypothesis that FWER correction methods were not used more frequently for tests of differentiation than would be expected based on the chance alone.
| RESULTS
An overwhelming 84.8% of the publications used microsatellites either alone (80.9%) or in combination with one or more of the other markers (3.8%). Allozymes (2.4%) and SNPs (12.9%) were used in the remaining studies. Papers used a total of 13 different genetic differentiation metrics. A large majority of studies used F ST or Ɵ (94.8%) as their genetic differentiation metric, with 20% using F ST in combination with another differentiation metrics. The few papers (5.2%) that did not examine F ST or Ɵ used metrics such as D ST , R ST , G ST , ɸ ST ).
We found that many papers did not report testing for deviations from HWE (27%) or LD (43%; Gray shading denotes studies that reported both LD and HWE testing.
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Thirty-one studies (14%) of the 215 publications surveyed did not mention control for FWER for any of the target comparisons (HWE, LD, differentiation). Of the studies that corrected for at least one of the target comparisons (Table 2) , correction methods used for multiple comparisons included Bonferroni (21%), Sequential Bonferroni (19%), or False Rate of Discovery (10%). In terms of genetic differentiation, over half of the papers (67%) did not appear to control for FWER. We found similar patterns in FWER corrections in tests of HWE deviations (35%) and LD (30%). Other FWER corrections reported included Q-value corrections (1 paper) or sequential goodness of fit methods (1 paper), but were omitted from downstream analysis. In all papers where global tests were performed, FWER methods were used on the pairwise equivalents.
In examining whether authors in individual studies used FWER differently for tests of differentiation than for tests of HWE/LD, we excluded studies using unspecified or Q-value or goodness of fit corrections and HWE tests that used a chi-squared goodness of fit (Table 2 ). There was inconsistent application of correction methods between HWE and genetic differentiation (p < 0.0001; Table 2a) and LD and genetic differentiation (p < 0.0001; Table 2b ). Considering only the studies that applied FWER corrections differently to tests of population differentiation and HWE deviation (N = 36, Table 2a ), there was strong evidence that FWER adjustments that were more likely to result in significant differences were applied more often to tests of population differentiation (χ 2 = 10.5, p < 0.001). Specifically, 27 studies (21%) showed a bias towards using more liberal FWER correction methods for genetic differentiation than those used for HWE (7 studies; 6%). Although a similar pattern was observed for the 41 papers that used different FWER approaches to test for population differentiation and LD (N = 41, Table 2b ), the evidence for a bias was not as strong (χ 2 = 2.9, p = 0.086) as it was for the comparison involving HWE and population differentiation. Still, 26 studies (21%) showed a bias towards using more liberal FWER correction methods for genetic differentiation than for those used for LD (15 studies; 12%).
| DISCUSSION
Our review detected evidence that in about a quarter of all studies examined, FWER corrections are applied differentially to tests of HWE, LD and population differentiation. It is of course impossible to know the motivations behind this differential application of FWER corrections, but there is a tendency to apply methods that would make it harder to detect significant LD and HWE deviations, but easier to detect differentiation among populations. More often than would be expected, authors are choosing corrections that would make it easier to detect significant population differences, which many would consider an interesting result, while making it harder to detect issues with HWE and LD, which might force them to drop problematic loci from their analyses. We want to encourage the authors to familiarize themselves with newer FWER correction methods or alternative methods that retain statistical power while addressing FWER (Whitlock, 2005; Teriokhin, Meeûs, & Guegan, 2007; De Meeûs et al., 2009) Gray shading denotes studies with consistent correction method use (i.e., the same correction method used for genetic differentiation and Hardy-Weinberg or linkage disequilibrium).
reviewers and editors should be more aware of these biases and urge all to more consistent application of correction methods within individual studies. Alternately, authors using multiple methods to address FWER in the same study should provide a justification for this decision. We are not advocating for any given methodology or approach, but for proper justification of their methodologies relative to the hypotheses being tested.
We also found a surprising number of publications not reporting HWE or LD tests prior to downstream analyses. Given the expectation that authors would test for both HWE and LD 100% of the time, only half (49%) of the papers reported testing for both is shockingly low. This has been noted in the literature previously (Salanti, Amountza, Ntzani, & Ioannidis, 2005; Xu, Turner, Little, Bleecker, & Meyers, 2002) , and it is well known that deviations from HWE and detection of LD can drastically alter results (Morin, Martien, & Taylor, 2009; Schaid & Jacobsen, 1999; Weir, 1979; Wigginton, Cutler, & Abecasis, 2005; Wittke-Thompson, Pluzhnikov, & Cox, 2005) . We urge authors to both apply these tests and report the results in their population genetic studies and reviewers to question their absence. In our literature survey, we found considerable variation among FWER correction methods within and across studies, with many studies applying no formal correction. This issue has been noted before, and we add our voice to those that note the need to apply corrections to cases where multiple tests may greatly inflate FWER (Peres-Neto, 1999; Streiner & Norman, 2011) . It is possible that our observations that many authors do not apply FWER corrections or test for HWE deviations and LD are overestimates, due to some authors not explicitly stating their statistical methods. However, given that it is difficult to interpret results of studies without these insights into their methods, we urge the authors to care and state their methodologies related to these statistical issues.
In conclusion, our literature survey yielded a lack of standardization in how FWER correction methods are applied in population genetics. Additionally, many papers were not correcting for FWER when performing multiple comparisons (e.g., HWE, LD or genetic differentiation). We found a bias in application of FWER correction methods internally where authors across the literature survey were using more conservative correction methods for differentiation statistics than for HWE or LD. As statistically insignificant HWE or LD tests may result in dropping loci, populations or individuals from a study, more liberal tests may be advantageous. We believe that publication pressures for positive and statistically significant results may incentivize authors manipulating methods across HWE, LD or differentiation. As such, we are urging reviewers and editors to be more aware of this potential bias, and authors to report and justify their methods more thoroughly to prevent such a bias affecting their conclusions. Finally, although it was not the objective of our survey, we also found a surprising number of publications that were not reporting testing for HWE or LD prior to downstream analyses, such as genetic differentiation. This is critical as many commonly used analyses make assumptions about population samples being in HWE and LD (Clark-Cockerham and Weir, 1993) . We advocate for authors to report tests for HWE and LD, and for editors and reviewers to more thoroughly check for these methods where appropriate in the future.
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